The patterning of the mammalian brain is orchestrated by a large battery of regulatory genes. Here we examine the developmental function of the Gsh-2 nonclustered homeobox gene. Whole-mount and serial section in situ hybridizations have been used to better define Gsh-2 expression domains within the developing forebrain, midbrain, and hindbrain. Gsh-2 transcripts are shown to be particularly abundant in the hindbrain and within the developing ganglionic eminences of the forebrain. In addition, mice carrying a targeted mutation of Gsh-2 have been generated and characterized. Homozygous mutants uniformly failed to survive more than 1 day following birth. At the physiologic level the mutants experienced apnea and reduced levels of hemoglobin oxygenation. Histologically, the mutant brains had striking alterations of discrete components. In the forebrain the lateral ganglionic eminence was reduced in size. In the hindbrain, the area postrema, an important cardiorespiratory chemosensory center, was absent. The contiguous nucleus tractus solitarius, involved in integrating sensory input to maintain homeostasis, was also severely malformed in mutants. Immunohistochemistry was used to examine the mutant brains for alterations in the distribution of markers specific for serotonergic and cholinergic neurons. In addition, in situ hybridizations were used to define expression patterns of the Dlx 2 and Nkx 2.1 homeobox genes in Gsh-2 mutant mice. The mutant lateral ganglionic eminences showed an abnormal absence of Dlx 2 expression. These results better define the genetic program of development of the mammalian brain, support neuromeric models of brain development, and further suggest similar patterning function for homeobox genes in phylogenetically diverse organisms. ᭧ 1997 Academic Press
INTRODUCTION
. Adding to the complexity, the average cortical neuron correctly synapses with 10,000 others. Understanding the genetic basis of brain development presents a major The development of the brain is a complex multistep challenge. process. The folding of the neural plate forms the neural Homeobox genes often occupy high-level positions in the tube. The undifferentiated neuroepithelium of the rostral genetic hierarchy of development. This evolutionarily conneural tube then bulges, flexes, and constricts to form the served family of genes encodes transcription factors with a prosencephalon, mesencephalon, and rhombencephalon, 60-amino acid helix-turn-helix motif, the homeodomain which give rise to the forebrain, midbrain, and hindbrain, (reviewed by Gehring, 1987) . These genes are broadly direspectively. The adult mammalian brain is an extremely vided into two groups. In mammals, the 39 genes that reside elaborate structure. The human brain, for example, consists within the four main clusters are designated Hox genes, of thousands of types of neurons and about 10 11 total neuwhile the remaining chromosomally scattered or orphan rons associated with more than 10 12 glial cells (Kandel et genes, of even greater but still uncertain number, are usually named after their Drosophila homologues. The clustered Hox genes show a striking colinearity between their domains. In contrast, the nonclustered homeobox genes Gsh-2 homeobox gene. The resulting homozygous mutant mice, which die within the first day following birth, are have diverse expression patterns (Kern et al., 1992; Valerius et al., 1995) . Mutations in the Drosophila shown to have interesting brain malformations. In the hindbrain, the area postrema and nucleus tractus solitarius, imclustered homeobox genes often result in homeotic transformations of segment identity or structure deletions portant for cardiorespiratory control, suffer major structural deletions. In the forebrain the lateral ganglionic eminence is (McGinnis and Krumlauf, 1992) .
Abundant evidence indicates that homeobox genes play reduced in size and perturbed in its gene expression pattern. critical roles in brain development. The Hox genes show overlapping domains of expression in the rhombomeres of the developing hindbrain (Keynes and Krumlauf, 1994) . Ec-
MATERIALS AND METHODS
topic expression of Hox genes, induced by retinoic acid or heterologous promoters, can generate partial transforma-
Construction of the Gsh-2 Targeting Vector
tions of rhombomere identity (Marshall et al., 1992; Zhang An isogenic replacement targeting vector was generated using a et al., 1994) . Likewise, targeted mutations of Hox genes can 129/SVJ mouse genomic DNA library (provided by Tom Doetschinfluence hindbrain development. In Hoxa 1 mutants, for man). A multipurpose knockout vector, pMCKOV, previously deexample, there is a deletion of rhombomere 5 as well as a scribed was used as the backbone to make the dramatic reduction in the size of rhombomere 4 (Lufkin et pMCKO Gsh-2 construct. A 9-kb XbaI fragment was used as the al., 1991; Chisaka et al., 1992; Dolle et al., 1993; Carpenter long block of homology while the short block of homology conet al., 1993) . Nevertheless, the clustered Hox genes are not sisted of a 0.8-kb NotI/EcoRI fragment. Plasmid DNA was prepared expressed rostral to rhombomere 2 of the hindbrain (Keynes by cesium chloride banding, linearized, and used for electroporation and Krumlauf, 1994) . This indicates that other genes are as previously described .
responsible for pattern formation in these regions. Indeed, more than 25 nonclustered homeobox genes, including the pMCKOGsh-2 vector. Positive and negative selection, using G418
Generation of Gsh-2 Targeted Mice
We have previously described the isolation of a pair of and ganciclovir, respectively, were as previously described (Li et murine homeobox genes, designated Gsh-1 and Gsh-2, with al., 1994) . A total of 320 individual colonies were picked and no known Drosophila homologues .
screened for homologous recombination. DNAs were pooled into groups of six and initially screened by PCR using nested primers These two genes are closely related, encoding homeodofrom the 3 end of the neo cassette and the 5 end of the DNA mains that are identical at 58 of 60 amino acid positions.
flanking the short block of homology. The outer oligos were 5-Gsh-1 and Gsh-2 map chromosomally to two distinct posi- 
Targeted Disruption of the Gsh-2 Gene Blood Gas Measurements
To better define its developmental function Gsh-2 was Blood gas measurements were performed on neonates using a disrupted by homologous recombination in embryonic stem
Corning 170 pH/blood gas analyzer. Animals were decapitated and cells. The replacement construct, illustrated in Fig. 2A 
In Situ Hybridizations
and 320 clones were screened for homologous recombinaSerial section and whole-mount in situ hybridizations were pertion, with a single targeted clone identified and confirmed formed as previously described . The Gsh-2 probe by Southern analysis (data not shown). used was also previously described (Hsieh-Li et al., 1995) .
Blastocyst injections and implantations into pseudopregnant mice to produce chimeras were as previously described . The heterozygous progeny of these chimeras
RESULTS
were indistinguishable from wild type. They were healthy and fertile and had a normal lifespan. The Gsh-2 //0 mice were mated to generate Gsh-2 0/0 offspring, which were ge-
Gsh-2 Developmental Expression
notyped as shown in Fig. 2B . The Gsh-2 gene is expressed in discrete domains during early brain development. We previously described the distribution of Gsh-2 transcripts in embryos using serial section The Gsh-2 Mutant Phenotype in situ hybridization (Hsieh-Li et al., 1995) . Signal was detected in the ganglionic eminences and diencephalon of the The Gsh-2 gene is not required for survival to birth. One hundred fifty-seven newborn offspring of heterozygous matforebrain, as well as restricted regions of the mid-and hindbrain. In this report we extend the expression analysis to ings were genotyped, giving a normal Mendelian distribution, with 36 (22.9%) wild types, 86 (54.8%) heterozygotes, include whole-mount in situ hybridizations at earlier time points as well as serial section in situ hybridizations that and 35 (22.3%) homozygotes (mutants). There was no evidence of prenatal loss of homozygous mutants. Furtherinclude later time points than previously examined.
Gsh-2 expression was first detected in E9 embryos where more, at birth the homozygous mutants were of normal weight and grossly identical to heterozygous and wild-type it localized to regions of the primitive neuroepithelial layer in the telencephalic vesicle, neuroepithelium of the third littermates.
The Gsh-2 gene is, however, required for continued postventricle adjacent to the hypothalamic sulcus, and to bands extending from the neural tube rostrally into the developing natal survival. No mutant animals lived beyond 24 h after birth. The Gsh-2 0/0 neonates suffered from apnea. The muhindbrain (Fig. 1A) . These studies revealed a dynamic, developmentally regulated spatial and temporal expression tant pups exhibited periods of normal skin coloration and breathing, with lung inflation observed grossly through the pattern. At E9 the hindbrain expression was strictly caudal of the otic vesicles, but by E10 the expression extended chest wall, followed by episodes of cyanotic appearance and cessation of breathing. Blood gas measurements of neonates well rostral of the otic vesicles (Fig. 1B) . Transverse sections showed that the expression of Gsh-2 at E10 was within the indicated that the mutants were hypoxic (Fig. 3) . The blood oxygen levels (pO 2 mm Hg) of the mutant pups measured alar plate of the developing neural tube (Fig. 1C) . At E12 the embryos showed a persistent strong hybridization signal only 63.9 ({7.1 SEM, n Å 11), which was significantly lower //0 heterozygous animals. Amplification using the were significantly lower (P õ 0.05) than for wild-type or heterozyneo primers results in a 1.2-kb PCR product of the targeted allele, gous littermates. No significant difference was observed in blood while amplification using the endogenous primers results in a 1.0-kb oxygenation levels between wild-type and heterozygous animals. PCR product. PCR products were electrophoresed on a 1% agarose gel. Molecular weight marker is phi 1 174 DNA digested with HaeIII. ///, wild-type offspring; //0, heterozygous offspring; 0/0, Gsh-2 homozygous mutant offspring; HD, homeodomain; neo, neomycin underdeveloped lungs at birth (Wigglesworth et al., 1977) .
cassette; TK, thymidine kinase cassette.
We therefore examined lungs for morphological defects or dysmaturity. At the histological level the neonate mutant lungs were normal in appearance (data not shown). This was further investigated at the biochemical level. Glycogen (P õ 0.05) than their wild-type (100.6 { 2.3 SEM, n Å 9) or content is high in the immature lung and falls as the lung heterozygous (99.1 { 3.8 sem, n Å 17) littermates.
develops. We were unable to detect significant differences The reduced blood oxygenation levels could result from in neonatal mutant lung glycogen levels compared to wilddevelopmentally immature lungs and/or from defects in the type and heterozygous littermates. The mutant lungs had central nervous system (CNS) control of respiration. Gsh-2 a mean glycogen level of 1.98 ({0.55 SEM mg glycogen/g expression has not been detected in the developing lungs of lung, n Å 8), while the wild-type and heterozygous lungs (Hsieh- Li et al., 1995) , suggesting that the primary defect had mean glycogen levels of 2.73 ({0.55 SEM, n Å 10) and resides in the CNS. It remained possible, however, that CNS 2.26 ({0.59 SEM, n Å 10), respectively. The normal lung malformation retarded lung maturation, which could then morphology and statistically equivalent glycogen values contribute to breathing deficits. There is communication suggest that the failure of mutants to maintain normal between the hindbrain and developing lungs, with in utero breathing patterns and blood oxygenation levels is not likely caused by defects in the lungs. transection of the cervical spinal cord resulting in severely Interestingly, the Gsh-2 0/0 neonates exhibiting apnea 5A) and mutant (Fig. 5B) E15 .5 hindbrains showed that the developing area postrema was hypocellular. Two days later could be temporarily revived by tactile stimulation. The blood gas measurements described above were performed in gestation, at E17.5, the differences were more pronounced. Figures 5C, 5E , and 5G show the progression from lateral to using a Corning 170 blood gas analyzer that requires withdrawn blood, allowing only one time point per neonate. In medial parasagittal hindbrain sections in a wild-type embryo and demonstrate normal area postrema and underlying NTS addition, however, a noninvasive laser oxymeter that allowed continual time course readings of blood oxygenation (Barraco et al., 1992) . In corresponding mutant littermates (Figs. 5D, 5F , and 5H), however, the area postrema did not levels was used. It was observed that handling the mutants markedly increased the fraction of hemoglobin with bound form and the underlying NTS was reduced in size. This was even more pronounced in the neonate hindbrains. Figures 5I,  oxygen (data not shown) . The effect was temporary, however, and even prolonged handling did not extend survival 5K, and 5M show frontal sections (rostral to caudal) of a wildtype newborn hindbrain. The area postrema was evident at beyond 24 h.
In addition, the mutants had normal hematocrits, and the base of the fourth ventricle and posteriorly fused at the dorsal midline to become the dorsal tissue over the central skeletal stains revealed no apparent structural defects (data not shown). The absence of milk spots in all mutants indicanal of the spinal cord. In the mutant brainstem (Figs. 5J, 5L, and 5N) the area postrema failed to develop, and the cated a failure to feed, but this was not likely the cause of death, as most mutants died within hours of birth.
larger opening of the fourth ventricle resulted from a deficit in the NTS, which normally lies immediately ventral to the area postrema and immediately lateral to the fourth ventri-
Central Nervous System Defects
cle. The observed malformations of the area postrema and NTS correlate with both the developmental expression patTo search for potential developmental defects, the brains tern of Gsh-2 in the hindbrain and the phenotype of apnea of Gsh-2 mutants, heterozygotes, and wild-type littermate and hypoxia seen in the mutant pups. Heterozygous brains controls were subjected to histological analysis. The develappeared normal (data not shown). opmental time points of E12.5, E13.5, E14.5, E15.5, E17.5, Gsh-2 is most similar to another dispersed mouse homeoand newborn were studied. The histological analysis inbox gene, Gsh-1, with identity at 58 of 60 amino acids in cluded sagittal, frontal, and transverse planes at each time the encoded homeodomains . Expression point. Furthermore, the phenotype was characterized on of both genes is largely limited to the central nervous sysboth a 129/CF-1 hybrid genetic background and a 129 inbred tem, and there is partial overlap in their patterns of expresbackground. The results are summarized below and were sion in the mesencephalon and diencephalon (Hsieh-Li et the same for both genetic backgrounds.
al., Valerius et al., 1995) . The anterior pituitary of Discrete defects were observed in the developing basal Gsh-1 0/0 mice was found to be hypocellular and showed a ganglia of the homozygous mutant forebrains. In particular, decrease in the number of acidophilic somatotrophs and there was a significant reduction in the size of the LGE. At lactotrophs . To determine if Gsh-2 plays a E12.5, E13.5, and E14.5, as determined by frontal, transrole in pituitary development tissue sections from mutant verse, and parasagittal sections, the LGE was reduced (Fig. brains were examined and stained to define acidophiles and 4). This decreased mass of the LGE persisted at later time basophiles. The anterior pituitary was normal in size and points (data not shown).
cellularity, and no abnormalities in the differentiation of Histological examination also revealed hindbrain malforcell types were detected (data not shown). mations in Gsh-2 0/0 mutants. This again corresponded to a region of high Gsh-2 expression during development. The area postrema, a circumventricular organ, and the adjacent of the forebrain as well as the area postrema and NTS of the wild-type neonates were compared. No differences in the distributions of cholinergic neurons were found between hindbrain. Nevertheless, other regions of Gsh-2 expression, including the diencephalon, appeared histologically normal.
wild-type and mutant brains. The most rostral expression of tryptophan hydroxylase was This could be the result of an absence of Gsh-2 developmental function in these areas or the result of functional redundancy seen at low but detectable levels starting in the caudate-putamen region in neonates. More caudal sections showed stronger with the closely related Gsh-1 gene. Alternatively, subtle defects may be present that were not detectable histologically. levels of expression scattered throughout the thalamus and hypothalamus, with localized expression seen in the subthaTo begin to address this issue immunohistochemistry was used to assay the expression patterns of neuronal markers. lamic nucleus. The highest tryptophan hydroxylase levels were seen in the pons in the ventral tegmentum and the isthEntire brains from Gsh-2 0/0 and Gsh-2 /// animals were serially sectioned and reacted with anti-tryptophan hydroxylase mus of the cerebellum (Figs. 6C and 6D) . Again, three wildtype brains and three mutant brains were serially sectioned and anti-choline acetyltransferase antibodies to compare the distributions of serotonergic and cholinergic neurons, respecand compared. No differences in the distribution patterns of serotonergic neurons were detected. In addition, cranial nerve tively. These markers have expression domains that include and flank regions of Gsh-2 expression and provide a molecular distribution was examined using an anti-neurofilament antibody. Again, no additional differences between wild-type and assay for developmental perturbation that might not be detected by histology. mutant were observed (data not shown). Acetylcholine transferase expression was observed in disExpression Patterns of the Nkx 2.1 and Dlx 2 crete patterns in the thalamus and hypothalamus and more
Homeobox Genes in Gsh-2 Mutant Mice
caudally in the pons. The highest levels were seen in the hindbrain in the prepositus, dorsal motor of the vagus, and
The possible molecular level perturbation of development in Gsh-2 mutants was further pursued by in situ hybridizahypoglossal nuclei (Figs. 6A and 6B) . Three mutant and tion analysis of the expression patterns of three homeobox orders that include tremors, chorea, and ballism (violent, flailing movements). genes normally transcribed in the developing forebrain. Two of these genes, Nkx 2.1 and Nkx 2.2, belong to the NK The targeted mutation of Gsh-2 also severely perturbs development of the area postrema and subpostremal region gene family originally discovered in Drosophila (Kim and Nirenberg, 1989) . Nkx 2.1 and Nkx 2.2 have patterns of of the NTS in the hindbrain. Indeed, in homozygous mutants only remnants of these structures appear to remain. expression that overlap with each other and with that of Gsh-2 (Lazzaro et al., 1991; Price, 1993;  The observed disruption of hindbrain development in Gsh-2 mutants indicates that the nonclustered homeobox genes, Rubenstein and Puelles, 1994) . Of particular interest here, Nkx 2.1 is normally expressed in the developing MGE. In as well as the previously studied Hox genes, play an important role in the morphogenesis of the hindbrain. The comparing E12 wild-type and homozygous Gsh-2 mutants no difference in Nkx 2.1 expression was observed (Figs. 7A hindbrains of the Gsh-2 animals show malformations which are coincident with high levels of Gsh-2 expression and 7B).
We also examined ganglionic eminence development in during development of the dorsal-medial medulla. These malformations are in turn consistent with the mutant phemutant mice by in situ hybridization using a Dlx 2 probe. The mouse Dlx 1 and Dlx 2 genes are homologs of the Dronotype of apnea and hypoxia since this region of the brainstem is an important cardiorespiratory regulator. sophila distal-less homeobox gene. The normal expression patterns of the Dlx 1 and Dlx 2 genes have been described, The area postrema is a chemosensory center at the bloodbrain interface of the fourth ventricle (Ferguson, 1991) . It is with both genes expressed in a similar fashion in both the MGE and the LGE during development  an important target for information reaching the brainstem through the blood supply for the maintenance of homeosta- Porteus et al., 1991; Robinson et al., 1991; Dolle et al., 1992; Price, 1993) . In situ hybridizations with the Dlx 2 probe resis (Johnson and Gross, 1993) . Surgical ablation of the area postrema in rats results in hypotension and marked bradyvealed a dramatic difference in expression between wild-type and Gsh-2 mutant E12 embryos (Figs. 7C and 7D) . Once again, cardia (Skoog and Mangiapane, 1988) .
The NTS is a Y-shaped tract of neuronal cell bodies loboth the wild-type and mutant MGE showed expression. However, while the wild-type LGE expressed abundant Dlx 2 cated in the dorsal-medial medulla adjacent to the fourth ventricle and area postrema (Barraco et al., 1992) . It functranscripts, the mutant LGE showed no detectable hybridization signal. Therefore, the mutant LGE is not only reduced tions as the major integrative visceral sensory nucleus of the brainstem through the afferent connections it receives in size, but also shows an abnormal gene expression pattern. Of interest, in the mutant MGE there is also apparently refrom mechano-, baro-, and chemoreceptors, while also serving a major visceral efferent function through its connecduced expression of Dlx 2 in the neuroepithelium immediately flanking the ventricles (Figs. 7E and 7F ), suggesting the tions with regulatory regions within the ventral-lateral medulla. The subpostremal region of the NTS, deleted in Gsh-2 presence of subtle MGE abnormalities.
mutants, serves as the major integrator of cardiopulmonary afferent information to control cardiorespiratory homeostasis. It also has extensive connections with virtually all ros-DISCUSSION tral brain sites involved in cardiorespiratory control, homeostatic maintenance, and metabolic regulation. It is In this report we extend the previous Gsh-2 expression studies and describe the Gsh-2 mutant phenotype. Exprestherefore not surprising that disruption of this region of the brainstem is fatal in the Gsh-2 0/0 animals at the critical sion of Gsh-2 in the hindbrain was observed to be dynamic, with transcripts detected in the neural tube and most caudal transition from uterine to external life. Motor function in the Gsh-2 mutants appears intact as assayed by the ability region of the developing hindbrain at E9. One day later the boundary of Gsh-2 expression in the hindbrain extended to of these animals to inflate their lungs and breath for periods of time. Morphologically and biochemically the mutant include regions rostral to the otic vesicles. Gsh-2 expression in the hindbrain then faded, with no hybridization signal lungs appear normal. Nevertheless, the newborns exhibit periods of apnea, at the physiologic level they are hypoxic, detected at E14.5. Gsh-2 transcription was also seen in parts of the diencephalon and in the ganglionic eminences of the and at the histological level they show an absence of specific hindbrain structures derived from the alar plate. These obdeveloping forebrain. Expression in the forebrain also decreased with time, being barely detectable in newborns.
servations are all consistent with a critical deficit in the sensory components of the cardiorespiratory control center Targeted mutation of the Gsh-2 gene resulted in alterations of discrete structures of the brain, representing a subof the hindbrain. Several models have been proposed to account for the set of Gsh-2 expression domains. In the developing forebrain histologic sections showed a reduction in size of the LGE, regionalization of the forebrain during development. Columnar model(s) have been described by His (1893), Herrick which gives rise to the striatum in the adult brain. The basal ganglia consist of multiple subcortical nuclei, including the (1910), and Kuhlenbeck (1973) . Neuromeric models have more recently been proposed. Figdor and Stern (1993) used globus pallidus, the subthalamic nucleus, the substantia nigra, the putamen, and caudate nucleus. The putamen and injections of tracer dyes in developing forebrain cells to define neuromere boundaries that block cell mixing. In adcaudate nucleus comprise the striatum. Diseases of the basal ganglia generally result in involuntary movement disdition, morphological structures and expression patterns of The expression pattern of Nkx 2.1 is restricted to the MGE (M) in both wild-type (A) and mutant (B). In contrast, Dlx 2 is expressed in the wild-type embryo (C) in both the MGE and LGE (arrowhead), while the Gsh-2 mutant (D) shows expression in the MGE but not in the LGE (arrowhead). E is a higher magnification of C, and F is a higher magnification of D. These panels show less expression of Dlx 2 in a band of neuroepithelial cells (arrowhead) overlying the MGE in the Gsh-2 mutant (F) in contrast to the more intense uniform signal in the same region (arrowhead) of the wild-type embryo (E).
cell adhesion molecules, acetylcholinesterase, and a battery romeres based primarily on an extensive analysis of expression domains of regulatory genes. The alterations of discrete of regulatory genes were used to divide the diencephalon into four neuromeres. Puelles and have brain structures in the Gsh-2 mutants further demonstrate the importance of such regulatory genes in brain developalso described a neuromeric model, with boundaries of neu-ment and suggest that the use of their expression domains will be necessary to identify and characterize these gene targets. in constructing neuromere boundaries represents a valid approach.
The deletion of discrete components of the hindbrain and alterations in gene expression programs in the forebrains of mice mutant for multiple genes will need to be made to Herrick, C. J. (1910) . The morphology of the forebrain in amphibia address functional redundancy. At the molecular level, and reptilia. J. Comp. Neurol. 20, however, the homeobox genes function by regulating ex- 
